Structural phase transformations of MgSiO 3 protoenstatite at high pressures are studied by atomic scale simulation techniques. Molecular-dynamics simulations and electronic-structure calculations reveal two metastable polymorphs with space groups P2 1 cn and Pbcn, respectively. They are related to protoenstatite by displacive transition mechanisms via subsequent change of the silicate chain rotations from O-to S-type. Metadynamics simulations in combination with molecular dynamics reveal possible mechanisms for the martensitic transition from protoenstatite to high-pressure clinoenstatite. Two different shear mechanisms in the (100) plane are activated during the transition. The first consists of four partial displacements in (100) [001] and (100)[010], whereas in a second step only a single shear in (100)[001] is observed.
IntroductIon
Pyroxenes are important crustal and upper mantle minerals (Ringwood 1975; Anderson 1989) . Their common structural features are tetrahedral chains usually of SiO 4 units that are separated by parallel chains of octahedral edge-sharing M1O 6 units containing cations on the M1 site. Differences between pyroxene structures such as the stacking sequence of the chains, the rotation angles within the chains or the oxygen coordination of cations on the second site, M2, (Downs 2003) control the physical properties of the respective crystals, e.g., their density or elastic properties, and thus influence geophysical and rheological properties of crustal and upper mantle rocks.
The thermodynamic stability of different pyroxene structures depends on P, T, and chemical composition. Enstatites with MgSiO 3 composition are known to exist in at least five different structures (Fig. 1) . At low T and low P, monoclinic low-clinoenstatite with space group P2 1 /c is the stable phase. A displacive phase transition at high P results in high-P clinoenstatite with space group C2/c (Angel et al. 1992) . Orthoenstatite (Pbca) occurs at high T and pressures up to about 7 GPa, whereas protoenstatite (Pbcn) and high-T clinoenstatite (C2/c) have small stability fields at high T and low P (Presnall 1995) .
Crystallographic considerations suggest several additional pyroxene phases (Thompson and Downs 2003) , some of which may exist as metastable enstatite phases. For instance, experimental (Lin 2003; Kung et al. 2004 ) and atomistic simulation studies (Jahn 2008) suggest at least one high-pressure orthoenstatite phase. Other phases have stability fields at compositions slightly different from enstatite such as high-T orthopyroxene (Pbca) of (Ca 0.06 Mg 1.94 )Si 2 O 6 (Ohi et al. 2008) or high-P protopyroxene (P2 1 cn) of (Mg 1.54 Li 0.23 Sc 0.23 )Si 2 O 6 (Yang et al. 1999) .
For a systematic understanding of the complex phase behavior in pyroxenes, not only the thermodynamics have to be known, but also the kinetics of the transitions may be of importance. Transmission electron microscopy has been used extensively to study the transitions in pyroxenes, especially from orthopyroxene to clinopyroxene (Coe and Müller 1973; Coe and Kirby 1975; McLaren and Etheridge 1976; Hugh-Jones et al. 1996) . It was concluded that the dominant transition mechanism is * E-mail: jahn@gfz-potsdam.de (Jahn and Martoňák 2008) .
The protoenstatite to ortho-/clinoenstatite transition was studied by neutron scattering (Schrader et al. 1990; Boysen et al. 1991) . During cooling, the protoenstatite reverts to ortho-or low-clinoenstatite depending on cooling rate. It is concluded that stacking faults are created with the onset of the transition and that they are a consequence of the transformation (Schrader et al. 1990 ).
Here we extend our previous simulation studies of the highpressure behavior of orthoenstatite (Jahn 2008 ) and the ortho-to high-pressure clinoenstatite transition (Jahn and Martoňák 2008) in a systematic way to protoenstatite. The atomic scale-modeling approach provides direct access to the transformation process, which goes beyond experimental capabilities.
computatIonal detaIlS
Molecular dynamics (MD) simulations are performed using an advanced ionic interaction model (AIM) that accounts for anion polarization and shape deformations (Aguado et al. 2003; Madden et al. 2006) . The AIM potential is optimized by reference to electronic structure calculations and has been shown to be accurate and transferable in a wide range of pressures, temperatures, and compositions of the Ca-Mg-Al-Si-O system (Jahn and Madden 2007) . It reproduces well the lattice parameters and elastic constants of various MgSiO 3 polymorphs (Jahn and Madden 2007; Jahn and Martoňák 2008) and predicts correctly the transition pressure of the low-to high-P clinoenstatite displacive phase transition (Jahn and Madden 2007) .
The simulation cell for the MD and metadynamics simulations contains 640 ions, i.e., 128 formula units of MgSiO 3 . Temperature and pressure are controlled by a Nose-Hoover thermostat coupled to a barostat (Martyna et al. 1994) . For the numerical integration of the equation of motion, a time step of ∆t = 1 fs is used.
For the metadynamics simulations, an algorithm described in Martoňák et al. (2006) is applied, which employs the components of the scaled box matrix as collective variables. The external pressure is fixed to P = 15 GPa, which is at the high-pressure end of the high-P clinoenstatite stability field. The initial configuration is obtained from an MD run at this pressure and T = 1000 K in the NPT ensemble. The temperature of 1000 K is chosen to be high enough to speed up the transition kinetics and to be well below the melting point to prevent amorphization of the crystal during deformation. At each metadynamics step a short (1 ps) MD run in the NVT ensemble, i.e., at constant volume, is performed to relax the atomic positions and calculate the average stress tensor as required by the metadynamics algorithm. The respective temperature of 1000 K is controlled by the thermostat. As metadynamics parameter, a gaussian height of 8.32 ev is used, which corresponds to 0.065 ev per MgsiO unit. the gaussian width is 2.88 ev
. The scaled coordinates are defined using the Hessian matrix calculated for the initial configuration. In total, 1000 metadynamics steps are performed.
Finally, electronic structure calculations are performed in the framework of density functional theory (DFT) using the planewave code ABINIT (Gonze et al. 2002 (Gonze et al. , 2005 . The exchange correlation functional is treated in the local density approximation (LDA) (Perdew and Zunger 1981) . Optimized norm-conserving pseudopotentials (Rappe et al. 1990 ) are generated with the OPIUM code and a planewave energy cutoff of 1000 ev is chosen. the brillouin zone of the primitive lattice is sampled with suitable Monkhorst-Pack grid (Monkhorst and Pack 1976) . All DFT calculations are performed in the athermal limit (T = 0 K) using the respective crystal unit cells as simulation cell. For the calculation of the enthalpy curves, cell parameters, and atomic positions of the different structures are optimized at various pressures.
reSultS

Molecular dynamics
In a first step, the response of protoenstatite to hydrostatic pressure, is studied by MD simulation at constant temperature of 1000 K. The evolution of the volume during compression and decompression and the cell parameters are shown in Figures 2 and 3, respectively. The corresponding cell angles fluctuate around 90° over the whole length of the MD simulation and hence the simulation cell remains orthorhombic. The cell volume ( are almost unchanged or even increase slightly (see Fig. 3 ).
The unit cell of the high-pressure phase is extracted after quenching the simulation cell to low temperature by inspecting the periodicity of the crystal structure. Since the number of periodic units in the supercell, as well as the symmetry are unaltered, the high-pressure phase remains in space group Pbcn. The unit cell of this phase is used as a starting configuration in the subsequent DFT calculations. We call this new phase Pbcn-II.
DFT calculations
Due to the small energetic differences between pyroxene structures, we rely on the accuracy of electronic structure calculations rather than on classical interaction potentials for the calculation of the thermodynamic stability fields of the various structures. In the athermal limit, i.e., at T = 0 K, the most stable phase at a given pressure is the phase with the lowest enthalpy. As candidate structures we consider protoenstatite, Pbcn, the high-pressure phase found in the MD simulation, Pbcn-II, the "ideal" pyroxene structure and potential high-pressure phase with space group P2 1 cn. In addition, we use previous data on orthoenstatite Pbca, low-clinoenstatite P2 1 /c, and high-pressure clinoenstatite C2/c (Jahn 2008) .
The lattice parameters and cell volumes of the protoenstatite derived phases from the DFT-LDA calculations at ambient pressure are given in Table 1 . The high-pressure phases are denser than protoenstatite with a decrease in volume by 2.5 and 5.1% for the P2 1 cn and Pbcn-II phases, respectively. The DFT calculations confirm that the compression is almost entirely in the c direction. Figures 4 and 5 compare the cell volumes and the enthalpies of the different phases. Whereas the P2 1 cn phase is comparable in volume to orthoenstatite and low-clinoenstatite, the density of the Pbcn-II phase is close to that of high-pressure clinoenstatite over the whole pressure range considered. As expected, all protoenstatite related phases are metastable at T = 0 K. The thermodynamically stable phases in the athermal limit, i.e., the lowest enthalpy structures in Figure 5 , are lowclinoenstatite with space group P2 1 /c below about 3 GPa and C2/c high-pressure clinoenstatite above 3 GPa. The P2 1 cn phase is predicted to be comparable in enthalpy to Pbcn even close to ambient pressure. It remains the most stable of the protoenstatite related phases up to about 18 GPa, where the Pbcn-II phase becomes more stable.
Metadynamics
The combined approach of molecular dynamics and metadynamics provides insight into possible transition paths for the phase transition between protoenstatite and high-pressure clinoenstatite. The evolution of simulation cell parameters and enthalpy after each metadynamics step are shown in Figures 6a,  6c , and 6e. The enthalpy curve (Fig. 6e) has two distinct minima, one around 450 and the other around 700 metadynamics steps. The first is accompanied by sudden changes in the simulation cell parameters, especially in γ (Fig. 6a) and a (Fig. 6c) . The large fluctuations in all three diagrams are due to non-hydrostatic strains exerted on the cell during metadynamics. A clearer picture of the structural changes is obtained after relaxation of the simulation cell after each step to hydrostatic pressure conditions and after removing kinetic energy from the system by quenching the temperature from 1000 to 300 K in short MD simulations. At ambient temperature the thermal fluctuations are small and hence the energetics are expected to be dominated by the enthalpy term of the free energy.
The thus obtained simulation cell parameters and enthalpies are shown in Figures 6b, 6d , and 6f. The final structure that is obtained in metastep 672 and which remains essentially unchanged until 1000 metasteps has a lower enthalpy than the initial 
ConCluding RemaRks
The sequence of (pseudo)stability fields of the different protoenstatite phases (see Fig. 7 ) is analogous to that of respective phases in orthopyroxenes and clinopyroxenes. In the lowest density phase, usually at high temperatures, the silicate chains may be fully extended in the c direction or are slightly O-rotated (Thompson 1970 ). In the MgSiO 3 system, this structural feature is observed in Pbcn protoenstatite and C2/c high-T clinoenstatite. When pressure is increased, the rotation of the chains increases until suddenly every second chain changes its sense of rotation from O-to S-type. This phase change reduces the symmetry of the crystal from space group Pbcn to P2 1 cn in protopyroxene and similarly from C2/c to P2 1 /c (low-clinoenstatite) in clinopyroxene. At even higher pressures, it becomes energetically favorable to have only S-rotated chains. The respective highpressure phases are Pbcn-II protoenstatite and C2/c high-P clinoenstatite.
In orthopyroxenes, the periodic unit along the a direction comprises two layers of silicate chains, which leads to more complex behavior. Interestingly, there seem to be two low-pressure phases with Pbca symmetry, the well-known orthoenstatite and a high-temperature phase that was observed recently (Ohi et al. 2008 ). In the MgSiO 3 system up to pressures of about 20 GPa, change of rotation sense is only expected in one of these layers (Jahn 2008 ). The first high-pressure transition leads to a structure where 25% of the chains S-rotated. The respective space group changes from Pbca to P2 1 ca. At higher pressure, all chains in every second layer are S-rotated, which leads again to a structure with space group Pbca (Jahn 2008) .
The transformation mechanism between protoenstatite and high-P clinoenstatite is similar to that of the orthoenstatite to high-P clinoenstatite transition studied before (Jahn and Martoňák 2008) . as shown in figure 8, shear deformations are activated in two different (100) planes. In the lower plane (Figs.  8a-8b) , three intermediate stacking faults with high energies are identified (Fig. 6) . Displacements are observed in both (100) [010] and (100) protoenstatite, which is observed between metasteps 1 and 356. This final structure is identified as high-pressure clinoenstatite, i.e., the expected stable phase at 15 GPa. The small dips in enthalpy in metastep 1, between metasteps 300 and 304 and in metastep 353 correspond to occurrence of the Pbcn-II phase as discussed above. This phase also leads to changes in the lattice parameters a and c (Fig. 6d) but there is no change in the cell angles (Fig. 6b) .
The transition from proto-to high-P clinoenstatite apparently 
FIgure 6. Evolution of simulation cell angles, cell lengths, and enthalpy during metadynamics at P = 15 GPa and T = 1000 K (a, c, and e), and after relaxing the cell to hydrostatic conditions at P = 15 GPa and T = 300 K (b, d, and f).
(100) and is equal to one of the shear deformations found in the transition from orthoenstatite to high-P clinoenstatite (Jahn and Martoňák 2008) . experimental evidence for the occurrence of a similar set of intermediate stacking faults during deformation of orthoenstatite is given in van Duysen et al. (1985) . In the latter case, the stacking faults are associated with partial dislocations, which we cannot observe in the type of simulation used in this study.
The second shear in the upper (100) plane (Figs. 8b-8c ) is of a different character since it only involves a single deformation in (100) [001] and the shear is in the opposite direction. This mechanism is consistent with macroscopic observations using transmission electron microscopy and has been used to discuss the ortho-to low-clinoenstatite transition (Coe and Kirby 1975; McLaren and Etheridge 1976) . At this stage we cannot state which of the two mechanisms is more likely for the transition considered here. Both are consistent with the required changes in stacking order and especially with the reorientation of the M1 octahedra. We have some indications that the transition mechanism depends on pressure and temperature, but this issue will be the subject of further studies.
In conclusion, the combination of various atomic scale simulation techniques has provided unprecedented insight into the complex phase behavior of protopyroxenes. Isosymmetric polymorphs seem to be common for this structural family as well as for other pyroxene structures. Our results follow the systematics of subsequent structural changes with pressure and/or temperature as described by Downs (2003) . From the results of metadynamics simulations, two possible shear mechanisms are proposed for the phase transition from protoenstatite to high-P clinoenstatite. The results are consistent with experimental data and crystallographic considerations. However, for a more quantitative analysis, e.g., of the transition or defect energies, the relation between the shear of two extended half-crystals as modeled in the simulations and the slip due to the propagation of dislocations as expected in real systems still needs to be studied in more detail.
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